U. S. Environmental Protection Agency
concluded that biodiesel significantly reduces regulated exhaust emissions of unburned hydrocarbons, carbon monoxide, and particulate matter at all blend levels with petro−diesel. Biodiesel also decreases emissions of smoke opacity, sulfur dioxide, aldehydes, ketones, and polycyclic aromatic hydrocarbons (Knothe and Dunn, 2001; Graboski and McCormick, 1998; Krahl et al., 1996a; Krahl et al., 1996b) . Its main disadvantages are relatively poor cold flow properties, degradation of fuel quality during long−term storage, and its combustion slightly increases nitrogen oxides emissions.
Storage stability is generally defined as the relative resistance of a liquid fuel to physical and chemical changes brought about by interaction with its environment (Westbrook, 2003) . Stability takes into account interactions that lead to sediment formation and changes in color depending on the type and quantity of unstable materials present. Cleanliness relative to presence of water, particulate solids, degradation products, and microbial slimes can also influence stability (Giles, 2003) . Fuel properties degrade during storage due to effects of oxidation (autoxidation) from contact with ambient air, thermal or thermal−oxidative decomposition from excess heat, hydrolysis from contact with moisture in tanks and fuel lines, or microbial contamination from migration of dust particles or water droplets containing bacteria or fungi (Giles, 2003; Westbrook, 2003) . This work examines effects of oxidation on biodiesel storage stability.
Most common lipid feedstocks consist of triacylglycerols with long−chain fatty acid groups. Biodiesel made from feedstocks with very high concentrations of C 14+ fatty acid groups should have no less than 80 to 90 wt% unsaturated (low melting point) fatty acid alkyl esters because small quantities of saturated (high melting point) fatty acid alkyl esters can significantly influence cold flow properties (Dunn, 2005a; Dunn and Bagby, 1995) . On the other hand, unsaturated organic compounds are substantially more reactive to oxidation than saturated compounds with the same hydrocarbon chain length. Furthermore, polyunsaturated compounds are more reactive than monounsaturated compounds (Gunstone, 1967) .
Monitoring effects of oxidative degradation on fuel quality during long−term storage presents a legitimate concern for biodiesel producers, suppliers, and consumers (Stavinoha and Howell, 1999) . Assessing quality in accordance with fuel standards, such as ASTM Specification D 6751 (ASTM, 2003) , for biodiesel is rigorous and time consuming. Oxidation of biodiesel under accelerated conditions such as elevated temperature and purging with dry air or oxygen increases viscosity, acid value, and peroxide value (Dunn, 2002; Monyem et al., 2000; Thompson et al., 1998; Bondioli et al., 1995; Du Plessis et al., 1985) . Both viscosity and acid value have maximum limits specified in D 6751. Although peroxide value is not listed, increasing the concentration of hydroperoxides actually increases cetane number, a parameter that is listed in ASTM Specification D 6751. Increasing peroxide value may reduce ignition delay time of the fuel (Van Gerpen, 1996; Clothier et al., 1993) . However, extensive oxidative degradation causing decomposition of hydroperoxides eventually decreases peroxide value and cetane number, leading to an increase in ignition delay time (Dunn, 2002; Monyem et al., 2000; Gan et al., 1995; Miyashita and Takagi, 1988) .
There exists a need to develop analytical methods for rapid and accurate monitoring of biodiesel fuel quality with respect to effects of oxidation degradation during storage. The recently completed BIOSTAB project in Europe was undertaken to establish criteria and analytical methods for measuring biodiesel fuel stability (Bondioli et al., 2002; Mittelbach and Schober, 2003; Prankl, 2002; Lacoste and Lagardere, 2003) . The resulting unified standard method drafted for adoption in the European Union states is based on the analysis of oxidation induction period at 110°C by Rancimat method. However, the BIOSTAB studies were largely conducted on biodiesel whose feedstock oil had relatively low polyunsaturated fatty acid methyl esters (FAME) content (rapeseed oil, used cooking oils, etc.). Earlier work and Canakci et al. (1999) recommended a block temperature no greater than 60°C for measurement of induction period by oil stability index (OSI) analyses of soybean oil FAME (SME) to avoid rapid degradation at higher temperatures.
Thermal analytical methods such as thermogravimetric analysis (TGA), conventional differential scanning calorimetry (DSC), and pressurized−differential scanning calorimetry (P−DSC) have been applied in analyzing oxidation of petroleum−based and synthetic lubricants, biodegradable lubricants, aviation turbine oils, and polymers (Sharma and Stipanovic, 2003; Gamelin et al., 2002; Riga et al., 1998; Yao, 1997; Zeman et al., 1995; Zeman et al., 1993) . These studies showed that P−DSC has the advantage of increased number of moles of oxygen available for reaction, allowing acceleration of the reaction at lower temperatures. Stavinoha and Kline (2001) applied ASTM Method D 6186 (Oxidation induction time of lubricating oils by pressure differential scanning calorimetry) and reported that this method was suitable for monitoring and spot−checking oxidative stability of antioxidant−treated biodiesel. An earlier study (Dunn, 2005b ) demonstrated suitability of non−isothermal (temperature ramping) P−DSC analyses for determining effects of antioxidant type and concentration (loading) on oxidative stability of biodiesel. Finally, and Litwinienko et al. (1999 applied non−isothermal DSC and P−DSC analysis to study the kinetics of oxidation of long−chain (C 18 ) unsaturated FAME and fatty acid ethyl esters.
The present work investigates the suitability of thermal analysis by non−isothermal TGA, conventional DSC, and P−DSC analyses on oxidation of SME. Results from thermal−oxidative methods are compared with each other, including comparison of P−DSC analyses in static (zero purge gas flow) and dynamic (positive air flow) modes. Results were also compared with those from isothermal analysis of OSI. Effects of treating SME with added antioxidant are examined.
MATERIALS AND METHODS
Methyl esters of soybean oil fatty acids (SME) were acquired from the following two sources: (1) "SME−1," originally manufactured by Interchem (Overland Park, Kansas) and supplied by the National Biodiesel Board (NBB, Jefferson City, Mo.); and (2) "SME−2," directly acquired from Ag Environmental Products (Lenexa, Kansas). Gas chromatographic (GC) analyses indicated a fatty acid profile of 10.7 wt% palmitate, 3.6% stearate, 22.8% oleate, 55.4% linoleate, and 7.5% linolenate for SME−1. Analysis of the fuel properties of SME−1 yielded kinematic viscosity = 4.1 mm 2 /s at 40°C, acid value = 0.16 mg KOH/g, specific gravity = 0.8813 at 15.6°C, and cloud point = 0°C. GC analyses of SME−2 showed a fatty acid profile of 11.2% palmitate, 4.1% stearate, 25.0% oleate, 52.6% linoleate, and 7.0% linolenate, plus a trace concentration (<0.1%) of methyl arachidate. Fuel properties of SME−2 were kinematic viscosity = 4.2 mm 2 /s at 40°C, acid value = 0.22 mg KOH/g, specific gravity = 0.8863 at 15.6°C, and cloud point = 1.5°C. According to the fuel manufacturers, neither SME−1 nor SME−2 contained added oxidation inhibitors (antioxidants). Methyl oleate (+99% 9(Z)−octadecenoic acid methyl ester) and linoleate (+99% 9(Z),12(Z)−octadecadienoic acid methyl ester) were from Nu Chek Prep (Elysian, Minn.). Purity of both compounds was verified by GC. Antioxidants ±a−tocopherol (95%) and propyl gallate (97% 3,4,5−trihydroxybenzoic acid propyl ester) were from Aldrich (Milwaukee, Wisc.); tert−butylhydroquinone (TBHQ; 97%), BHA (9% 2−tert−butyl−4−hydroxyanisole, 90% 3−tert−butyl−4−hydroxyanisole), and BHT (99% 2,6−di−tert−butyl−4−methylphenol) were from Sigma (St. Louis, Mo.).
TGA ANALYSES
Non−isothermal TGA was employed to measure the effects of constant temperature increase (heat ramping) on the mass of the sample while it is being purged with air at ambient pressure. These analyses were conducted with a TA Instruments (New Castle, Del.) model Q500 TGA equipped with automated gas switching and mass flowmeter. Experimental control, data acquisition, and analyses of results were conducted with a model 5000 personal computer−based controller. Samples were placed in an open aluminum pan equipped with a wire handle and hooked into place in the opened TGA assembly. Once placed on the hook, the TGA oven was raised to envelop the pan, and the sample equilibrated under low−pressure nitrogen purge at 25°C. Purge gas flowrate was 60 mL/min, as set according to manufacturer 's recommendation and monitored automatically by the Q500 TGA during each scan. After equilibrating at 25°C, the sample was heated at 5°/min to 300°C to ensure mass loss in the range 85% to 90%. During some scans, purge gas was switched automatically from nitrogen to air before initiating the heat ramp. Sample mass for TGA scans was 15 ±2.2 mg.
CONVENTIONAL DSC AND P−DSC ANALYSES
Conventional DSC was employed in the current study to analyze effects of thermal−oxidation induced by rapidly increasing temperature (heat ramping) on heat flow through a sample exposed to an air atmosphere at ambient pressure. Analogously, static and dynamic mode P−DSC were used to analyze effects of heat ramping when the sample is exposed to an air atmosphere under 2000 ±50 kPa (290 ±7 psig) pressure. Heating scans were conducted using two hermetically sealed aluminum pans with a 0.5 mm diameter pinhole punched in the top cover, allowing direct contact with the air inside the measurement cell. One empty pan served as the reference pan, while the sample to be analyzed was placed in the second pan. Heat flow through the sample was then determined by subtracting heat flow through the reference pan from that through the sample pan. The hermetic pans with pre−punched holes in their lids were used for two reasons: (1) tests with open solid fat index (SFI) type pans caused a build−up of varnish deposits inside the cell (Dunn, 2000) , and (2) closed type pans have been shown to minimize diffusion effects that can interfere with analyses (Keller and Saba, 1998) .
All DSC and P−DSC analyses were conducted with a TA Instruments model 2910 DSC analytical module and the same model 5000 multi−tasking controller used for TGA analyses. (The model 5000 controller was actually capable of performing control, acquisition, and data analysis simultaneously for up to eight compatible analytical modules.) DSC analyses at ambient pressure were conducted with the "conventional" DSC cell installed on the analytical module. Gas flowrate through the cell was 75 mL/min, as recommended by the manufacturer and monitored by calibrated flowmeter. After loading the DSC cell with both reference and sample pans, the cell was closed and equilibrated at 25°C under nitrogen gas purge. Once the cell and its contents were equilibrated, purge gas was automatically switched to air and the cell heated at 5°/min to 195°C to ensure acquisition of an oxidation peak maximum. Sample mass for these scans was 2.1 ±0.80 mg.
Both static and dynamic mode P−DSC analyses under 2000 kPa pressure were conducted with a TA Instruments model 2910 HP−DSC cell (7 MPa maximum pressure) installed on the analytical module. A spring−action purge valve was fitted to the exhaust line to keep the cell at constant pressure during analysis. For static mode scans, after loading the sample and reference pans and clamping the corresponding cell lid into place, the cell was pressurized with dry air and sealed off. Once the pressurized cell and its contents were equilibrated at 25°C, the sample was heated at 5°/min to 175°C to ensure acquisition of an oxidation peak maximum. Sample mass for static mode scans was 2.8 ±0.49 mg.
For dynamic mode P−DSC scans, pans were loaded and the cell pressurized and sealed similar to operating in static mode. Once cell pressure equilibrated, the inlet valve was opened wide and the outlet valve was cracked slightly open to allow steady flow of air through the cell. Air flowrate was set manually to 35 ±3 mL/min and monitored by a calibrated gas flowmeter connected downstream from the cell outlet valve. Once air flow was established and pressure re−stabilized, the cell and its contents were equilibrated at 25°C and the sample heated at ramp rate = 5°/min to 195°C to ensure acquisition of an oxidation peak maximum. Sample mass for dynamic mode scans was 1.5 ±0.36 mg.
DSC and P−DSC scans produced curves such as those shown for analysis of SME−1 in figure 1. Curves were analyzed by the model 5000 controller to determine OT from the intersection of lines drawn tangent to the initial baseline and the point of maximum increase (that is, the point of inflection) in the oxidation peak. OT results reported in this work are means calculated from scans performed on three replicate samples.
OSI ANALYSES
OSI data were measured isothermally in an oxidative stability instrument from Omnion, Inc. (Rockland, Mass.) under license from Archer Daniels Midland (Decatur, Ill.). This instrument was employed to measure oxidation induction period at constant temperature. Induction period, defined as being equivalent to OSI, is the time period necessary for oxidative degradation to advance from forma− tion of primary products (hydroperoxides) to secondary products such as aldehydes, ketones, small−chain length hydrocarbons, polymers, and volatile organic acids. The analytical method employed in the current study was reported in an earlier work (Dunn, 2005c) . Prior to analysis, samples were vacuum distilled at 60°C and 0.05 to 0.10 mm Hg absolute pressure for 3 h in a Kugelrohr apparatus (Aldrich) to remove volatile contaminants that may interfere with analysis. In the present work, all samples were analyzed at block temperature = 60 ±0.2°C. Sample mass for OSI measurement was 5 g.
GAS CHROMATOGRAPHY ANALYSES
Fatty acid compositions of SME−1 and SME−2 were performed on a Perkin Elmer (Norwalk, Conn.) Autosystem GC with a 25 m × 0.32 mm ID BPX70 column from SGE (Austin, Texas). The temperature program was: (1) hold 5 min at 50°C, (2) ramp at 10°/min to 250°C, and (3) hold 10 min at 250°C. Follow−up analyses of SME−2 were performed on an Agilent Technologies (Palo Alto, Cal.) model 6890N GC equipped with an HP−5MS capillary column (30 m × 0.25 mm ID; 0.5 mm film) and coupled with a model 5973N mass selective detector operating in electron ionization mode at 70 eV. Library searches to aid in identifying components of biodiesel were performed using the Wiley Library provided by Agilent Technologies.
REGRESSION AND STATISTICAL ANALYSIS OF RESULTS
Least−squares linear regression analyses including analysis of variance (ANOVA) and comparison of mean values by Student's t−value methods were conducted using a standard personal desktop computer−based spreadsheet application.
RESULTS AND DISCUSSION

TGA
Results from non−isothermal TGA analyses of methyl oleate, SME−1, and SME−2 are summarized in table 1. Onset temperatures (OT) for SME−1 under air and nitrogen atmospheres exhibited very high probability (P = 0.886) of being equivalent to each other. Similar conclusions were drawn from comparison of temperature at maximum in the first derivative of the mass−temperature curves and total mass lost data for SME−1 and for OT, first derivative, and total mass lost data for methyl oleate. Ramping under nitrogen purge gas causes thermal degradation to dominate mechanisms associated with decomposition and loss of mass during analysis. The near equivalence between results under nitrogen and air purge gases suggests that little oxygen was consumed during analyses under the air purge. Therefore, an SME−1 = soybean oil FAME from Interchem, SME−2 = soybean oil FAME from Ag Environmental Products. OT = onset temperature, T MFD = temperature at maximum in the first derivative of the mass loss−temperature curve, and M = total mass lost during the reaction.
air atmosphere at ambient pressure and purge rate of 60 mL/ min did not provide a sufficient quantity of oxygen to promote measurable oxidative degradation during analysis. It is apparent that non−isothermal TGA will be more suitable for analyzing thermal stability characteristics of biodiesel rather than its relative oxidative stability. Figure 2 is a graph of dynamic mode P−DSC heating curves for SME−1, SME−2, and methyl oleate. Each of these curves exhibit onset (OT) and peak maximum temperatures detected at heating scan rate of 5°C/min. Methyl oleate yielded OT and peak temperature at higher values than those for either SME−1 or SME−2, indicating that this FAME was more stable during non−isothermal P−DSC heating curve analysis. This aligns well with methyl oleate having a higher oxidative stability relative to FAME composed of high concentrations of polyunsaturated hydrocarbons.
DYNAMIC MODE P−DSC
Comparing results for the SMEs in figure 2 , OT occurs at a significantly higher temperature for SME−2 (130.94°C) than for SME−1 (115.94°C). Given the similar fatty acid compositions for these two SME (see above), this suggested that either SME−1 was more harshly handled during the time prior to its selection for the current study or SME−2 contained a small concentration of antioxidants. GC−MS analysis of SME−2 against a series of antioxidant reference samples failed to detect the presence of antioxidants including ascorbic acid, BHA, BHT, citric acid, ethoxyquin, propyl gallate, TBHQ, 3,3−thiopropionic acid, a−tocopherol, d−tocopherol, or trihydroxybutyrophenone. Thus, it appears likely that SME−1 was more harshly treated prior to its selection for the current work.
DYNAMIC MODE P−DSC VERSUS CONVENTIONAL DSC
Results from conventional DSC and dynamic mode P−DSC analyses of methyl oleate, methyl linoleate, SME−1, SME−2, and SME−1 treated with 2000 ppm each of antioxidants a−tocopherol and TBHQ are summarized in table 2. Response factors (R F ) defined by the following ratio are also summarized: Figure 2 . Heating scans from dynamic mode P−DSC analyses of FAME (air flowrate = 35 mL/min; pressure = 2000 kPa; ramp rate = 5°C/min). SME−2 = soybean oil FAME from Ag Environmental Products. Analysis of curves yielded: (1) OT = 115.94°C for SME−1, 130.94°C for SME−2, and 162.70°C for methyl oleate; and (2) peak maximum temperature = 137.66°C for SME−1, 145.97°C for SME−2, and 177.90°C for methyl oleate. See figure 1 for abbreviations.
R F = [OT of sample]/[OT of methyl oleate]
( 1) where OT of sample and methyl oleate are measured by corresponding analytical techniques. For FAME not treated by added antioxidants, the results in table 2 consistently show that increasing the degree of unsaturation decreases OT from non−isothermal thermal analysis by DSC or P−DSC, which is in agreement with the notion that OT increases with increasing FAME oxidative stability. Only SME−1 was treated with added antioxidants in the present work. Increasing the oxidative stability of SME−1 by adding 2000 ppm antioxidant also resulted in a significant increase in OT. Comparing the antioxidants, TBHQ was more effective than a−tocopherol with respect to increasing OT, a result that generally agreed with those reported in an earlier antioxidant screening study (Dunn, 2005b) .
Although results for methyl oleate show ~4°C deviation between OT values from DSC and dynamic mode P−DSC, statistical comparison of the values in table 2 did not indicate significant deviation between these values (P = 0.23). However, similar comparisons for methyl linoleate, SME−1 with and without added antioxidant, and SME−2 revealed deviations that were significant (P < 0.05). The dynamic mode P−DSC analyses were conducted at higher pressure (2000 kPa vs. ambient for DSC) and lower air purge rate (35 vs. 75 mL/min). The increase in pressure increased the total oxygen mass available for reaction by a factor of 19.7, a condition that accelerates the oxidation component of degradation as temperature is ramped during analysis. On the other hand, if oxygen is consumed at a rate exceeding its replacement, then decreasing the air purge rate increases the thermal component of degradation, resulting in an increase in OT similar to the results noted above for analysis by TGA.
The decline in OT from corresponding analyses by DSC and P−DSC analyses of SME−1, shown graphically for individual scans in figure 1, suggests that the increasing pressure was more dominant than the decrease in air purge rate. Although not presented graphically in the present work, all mixtures of SME−1 with added antioxidants (loadings = 0 to 5000 ppm), demonstrated lower OT values measured from dynamic mode P−DSC heating scans than those from corresponding DSC scans. Thus, under the conditions of this study, increasing pressure accelerated the rate of oxidation reaction despite a decrease in purge gas flowrate from DSC to P−DSC analyses. This observation indicates that P−DSC is better suited than conventional DSC for analyzing oxidative degradation reactions by non−isothermal thermal analyses.
Oxidation reactions in the measurement cell generally take place at or near the air−oil interface. Hence, the rate of reaction also depends on the total interfacial area of contact between bulk air and oil phases. Since purge gas and flowrate affect the total mass of oxygen available in bulk air phase, these conditions also affect the migration rate of oxygen to the reaction zone. This allows a reinterpretation of OT results for methyl oleate and SME−1 summarized in tables 1 and 2. Neglecting variations in air flowrate, the following observations were made: (1) TGA heating scans yielded little conclusive evidence for oxidation reactions taking place during analysis; (2) DSC scans exhibited generally lower OT values than TGA scans; (3) dynamic mode P−DSC scans showed generally lower OT values than DSC scans; and (4) in order of increasing total mass of air to oil ratios, TGA was less than DSC owing mostly to a decrease in sample mass (from 15 to 2.1 mg), and DSC was less than P−DSC owing to the increase in pressure (ambient to 2000 kPa). These results show increasing air−oil mass ratio accelerates the oxidation component of thermal−oxidative reactions by increasing the concentration of oxygen in contact with oil at the interface.
In contrast, an earlier study showed that increasing air−oil mass ratio increases OSI of methyl oleate, a conclusion that suggests increasing the quantity of air relative to total oil mass increases oxidative stability. However, those OSI data were measured isothermally at 90°C, a temperature that was relatively low in comparison with the OT data shown in table 2. This suggested the presence of significant oxidative degradation under conditions of the OSI analyses. In addition, decreasing total oil mass relative to air for analysis of OSI reduces both the molar quantity of double bonds available for reaction and the total residence time for air bubbles as they pass through the heated oil. Both of these conditions effectively decelerate the rate of reaction for oxygen in contact with heated oil.
Oxidation reactions carried out at or near the air−oil interface depend on concentration driving forces for moving un−reacted molecules in the bulk phases to the reaction zone. During the early stages of an OSI analysis, oxygen and un−reacted oil concentrations in corresponding bulk phases are nearly constant and the rate of oxidation near the interface is nearly constant and relatively independent of total oil mass. Thus, the only portion of the overall oxidation reaction occurring during OSI analysis that can be affected by a decrease in air−oil mass ratio relates to those effects noted above for the presence of air bubbles in the heated bulk oil phase. In contrast, the absence of air bubbles in DSC or Table 2 . Results from non−isothermal differential scanning calorimetry (DSC) and pressurized−differential scanning calorimetry (P−DSC) analyses of FAME. [a] Conventional DSC [b] Dynamic Mode P−DSC [c] SME−1 = soybean oil FAME from Interchem, SME−2 = soybean oil FAME from Ag Environmental Products. OT = onset temperature, R F = ratio of sample OT to methyl oleate OT, and TBHQ = tert−butyl hydroquinone. [b] DSC: air flowrate = 75 mL/min; ramp rate = 5°C/min. Table 3 . Results from non−isothermal P−DSC analysis of FAME in dynamic and static modes. [a] Dynamic Mode P−DSC [b] Static Mode P−DSC [c] P−DSC analysis means that the air−oil interface provides the only available location for reaction. If this is the case, then results from the current study show that decreasing the air−oil mass ratio decelerates the oxidative component of thermal− oxidative degradation during non−isothermal DSC and P−DSC heating scans.
DYNAMIC MODE P−DSC VERSUS STATIC MODE P−DSC
Results from dynamic and static mode P−DSC analyses of methyl oleate, methyl linoleate, SME−1, SME−2, and SME−1 treated with 500 ppm a−tocopherol, TBHQ, BHA, BHT, and propyl gallate are summarized in table 3. Corresponding R F ratios defined by equation 1 are also listed. Analogous to the results listed in table 2, increasing the degree of unsaturation of FAME not treated with added antioxidant decreases OT from non−isothermal P−DSC scans in static mode. In addition, the observation that treating SME−1 with 500 ppm antioxidant generally increases OT supports the conclusion noted above that increasing oxidative stability coincides with an increasing OT. Results for SME−1 treated with a−tocopherol, TBHQ, BHA, BHT, and propyl gallate generally agreed with those reported in an earlier work (Dunn, 2005b) . Figure 3 is a graph of R F corresponding to OT data from dynamic mode P−DSC heating scans versus R F from static mode P−DSC scans. The y = x line shows that nearly all FAME mixtures with or without antioxidants yielded dynamic mode results that were lower than static mode results. With the exception of methyl oleate, this effect is reflected for both OT and R F data. Methyl oleate analyzed by dynamic mode P−DSC yielded OT values that were ~5°C higher than those analyzed by static mode P−DSC. Statistical comparison of mean OT values showed that nearly all FAME and SME−1 plus antioxidant mixtures deviated significantly (P < 0.05) between results for dynamic and static mode P−DSC. The only four exceptions were SME−1 plus 1000 ppm TBHQ, 5000 ppm BHA, 500 ppm propyl gallate, and 1000 ppm propyl gallate (P = 0.15 to 0.26).
The decrease in OT calculated from analysis of dynamic mode scans relative to those from static mode scans is illustrated graphically for individual P−DSC scans of untreated SME−1 in figure 1. As discussed above, the total mass of oxygen available for reaction influences oxidation during a heating scan. In general, the results listed in table 3 and figure 3 show that operating in dynamic mode with an air purge rate of 35 mL/min allows replacement of oxygen consumed by the reaction, accelerating oxidation during the scan and significantly reducing OT with respect to static mode P−DSC scans. Therefore, conducting heating scans in dynamic mode was more suitable than static mode with respect to analyzing oxidation of FAME by in non−isothermal P−DSC.
Least−squares linear regression of OT data corresponding to R F data depicted in figure 3 yielded the following equation:
The regression analysis yielded a relatively low coefficient of deviation (R 2 = 0.77) owing to significant scatter in the data. Although the slope of equation 2 was close to unity, paired two−sample Student's t−tests showed very little probability (<0.000001) for a direct correlation between mean OT values from dynamic and static mode P−DSC scans.
OSI RESULTS
Results from oxidative stability instrument analysis of OSI isothermally at 60°C of methyl oleate, SME−1, SME−2, and SME−1 treated with 200 and 500 ppm of a−tocopherol and TBHQ are summarized in table 4. Similar to presentation of results from conventional DSC and P−DSC scans, R F ratios based on OSI data defined by the following equation are listed in table 4:
where OSI of sample and methyl oleate replicates were measured simultaneously in the oxidative stability instrument. Consistent with results from non−isothermal DSC and P−DSC scans of FAME not treated by added antioxidants (see tables 2 and 3), the data in table 4 generally show that increasing the degree of unsaturation decreases oxidative stability, resulting in a decrease in OSI. In addition, increasing the oxidative stability of SME−1 by adding antioxidants increases OSI. Further, TBHQ was significantly more effective than a−tocopherol in increasing the oxidative stability of SME−1. These results are comparable to those for the OT data from DSC and P−DSC scans discussed above and agree with results reported in an earlier work (Dunn, 2005c) . Finally, SME−2 without added antioxidant yielded an OSI that was significantly larger than that of SME−1 treated with a−tocopherol or 200 ppm TBHQ. As discussed above for the data from dynamic P−DSC scans, this result suggests that SME−1 was more harshly treated than SME−2 before its selection for the present study.
CORRELATION OF OSI AND NON−ISOTHERMAL P−DSC RESULTS
Calculation of R F ratios by equations 1 and 3 for corresponding samples allows direct comparison of results from isothermal OSI and non−isothermal conventional DSC and static and dynamic mode P−DSC analyses of oxidative stability. Based on the following seven data pairs, two−sample Student's t−tests were conducted: methyl oleate, SME−1, SME−1 plus a−tocopherol (two loadings), and SME−1 plus TBHQ (two loadings). Results from this comparison indicated that R F from static and dynamic mode P−DSC have relatively high probabilities (0.75 and 0.79, respectively) favoring correlation to R F from OSI results. On the other hand, R F inferred from conventional DSC demonstrated no correlation (P < 0.02) to ratios from OSI results. Polavka et al. (2005) and Šimon et al. (2000) studied dependence of oxidation induction period (IP) on temperature by correlating data from non−isothermal DSC and differential thermal analyses with results from isothermal oxidograph and Rancimat analyses. This correlation was expressed in the following Arrhenius−type equation: where R 2 = 0.38 and s y = 1.0. Data pairs for SME−1 plus 500 and 1000 ppm TBHQ appeared as outliers for this analysis, and their omission increased R 2 to 0.89 and reduced s y to 0.35. Overall, results from the present work do not exhibit a strong linear correlation based on equation 5 for OT data determined from non−isothermal static or dynamic P−DSC analyses. However, future research will be necessary to confirm this observation.
CONCLUSIONS
Results from non−isothermal TGA analyses of FAME under nitrogen and air purge gases were nearly indistinguish− able with respect to OT and other parameters. The total mass of oxygen present for 60 mL air/min at ambient pressure was not sufficient to cause measurable oxidation during non−isothermal heat scans.
Dynamic mode P−DSC heating scans yielded OT values that increased with relative oxidative stability, with the highest values being observed for methyl oleate.
Conventional DSC heating scans generally yielded OT values that were higher than those obtained from P−DSC scans. Conducting DSC scans at initially ambient air pressure meant that less oxygen was available for reaction, which resulted in a decreased oxygen component in the overall thermal−oxidative reaction.
Comparison of static and dynamic mode P−DSC heating scans showed that dynamic mode scans yielded lower OT values. This suggested that the oxidative component in the overall thermal−oxidative reaction was lower for static mode P−DSC. Overall, conducting scans in dynamic mode is more suitable than static mode for analyzing oxidation of FAME by in non−isothermal P−DSC.
Treating SME−1 with antioxidants increased oxidative stability, resulting in an increase in OT calculated from non−isothermal DSC and P−DSC heating scans.
Comparison of R F data obtained from non−isothermal heating scans with those from isothermal OSI measurements demonstrated the highest degree of statistical correlation with respect to dynamic mode P−DSC.
In contrast to work reported by Polavka et al. (2005) and Šimon et al. (2000) , results presented in the current work do not show a strong linear correlation with respect to ln [OSI] versus OT −1 with respect to results from either static or dynamic mode P−DSC scans.
NOMENCLATURE
BHA = tert−butyl−4−hydroxyanisole BHT = 2,6−di−tert−butyl−4−methylphenol DSC = differential scanning calorimetry (conventional mode) FAME = fatty acid methyl esters GC = gas chromatography IP = induction period OSI = oil stability index OT = oxidation onset temperature, determined from non−isothermal TGA, DSC, or P−DSC heating scans P−DSC= pressurized−differential scanning calorimetry (static or dynamic mode) R 2 = coefficient of deviation, from regression analysis R F = response factor, ratio of OSI or OT of sample to corresponding data for methyl oleate (see eqs. 1 and 3) SME = soybean oil FAME s y = standard error of the y−estimate, from regression analysis TBHQ = tert−butylhydroquinone TGA = thermogravimetric analysis
